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Objective: To evaluate the influence of nodule margin on inter-and intrareader variability in manual diameter measurements and semi-automatic volume measurements of solid nodules detected in low-dose CT lung cancer screening. Methods: 25 nodules of each morphological category (smooth, lobulated, spiculated and irregular) were randomly selected from 93 participants of the Dutch-Belgian Randomized Lung Cancer Screening Trial (NELSON). Semi-automatic volume measurements were performed using Syngo LungCARE® software (Version Somaris/5 VB10A-W, Siemens, Forchheim, Germany). Three radiologists independently measured mean diameters manually. Impact of nodule margin on interreader variability was evaluated based on systematic error and 95% limits of agreement. Interreader variability was compared with the nodule growth cut-off as used in Lung CT Screening Reporting and Data System (LungRADS; +1.5-mm diameter) and the Dutch-Belgian Randomized Lung Cancer Screening Trial (acronym: NELSON) /British Thoracic Society (+25% volume). Results: For manual diameter measurements, a significant systematic error (up to 1.2 mm) between readers was found in all morphological categories. For semi-automatic volume measurements, no statistically significant systematic error was found. The interreader variability in mean diameter measurements exceeded the 1.5-mm cut-off for nodule growth for all morphological categories [smooth: ±1.9 mm (+27%), lobulated: ±2.0 mm (+33%), spiculated: ±3.5 mm (+133%), irregular: ±4.5 mm (+200%)]. The 25% vol growth cut-off was exceeded slightly for spiculated [28% (+12%)] and irregular [27% (+8%)] nodules. Conclusion: Lung nodule sizing based on manual diameter measurement is affected by nodule margin. Interreader variability increases especially for nodules with spiculated and irregular margins, and causes substantial misclassification of nodule growth. This effect is almost neglectable for semi-automated volume measurements. Semi-automatic volume measurements are superior for both size and growth determination of pulmonary nodules. Advances in knowledge: Nodule assessment based on manual diameter measurements is susceptible to nodule margin. This effect is almost neglectable for semi-automated volume measurements. The larger interreader variability for manual diameter measurement results in inaccurate lung nodule growth detection and size classification.
intRODuCtiOn
Interest in lung cancer screening by low-dose CT (LDCT) is increasing, ever since the National Lung Screening Trial (NLST) showed that LDCT screening for individuals at high risk of lung cancer reduces lung cancer mortality by 15-20%, compared with chest radiography. 1 A major drawback faced by the NLST was the high prevalence of false-positive screen results, which was 28.7% in NLST screen participants. 2 This high false-positive rate may result in patient harm and increased healthcare cost. Improvements in nodule management such as a raised size threshold for positive nodules and the use of nodule growth to identify malignant nodules have been suggested and were implemented in recent guidelines for lung nodule management. [3] [4] [5] Current measurement techniques used to assess the size of a nodule in LDCT screening in the USA rely on measurements of the maximum diameter or two maximum orthogonal diameters of a nodule by using electronic calipers. Lung CT Screening Reporting and Data System (Lung-RADS), a classification system proposed by American College of Radiology, and other current guidelines 4,5 use the mean of maximum axial diameter and maximum perpendicular diameter of a single axial section (mean diameter) to determine the size of a nodule. In addition, Lung-RADS has defined nodule growth as a fixed increase of ≥ 1.5 mm in mean diameter. Nodule growth raises suspicion of malignancy and influences clinical management.
A number of European lung cancer screening trials have taken a different approach in nodule size assessment. Instead of manual diameter measurements, software for semi-automated measurement of nodule volume was used. 6, 7 While phantom studies have shown that nodules are at times over-or underestimated by semi-automated volume measurement compared with their true volume, 7-13 this method offers better precision and reproducibility compared with manual diameter measurements. 8, 14 This is highly relevant in clinical practice, since greater reproducibility would result in increased sensitivity for nodule growth detection. According to the British Thoracic Society guidelines, the growth cut-off for lung nodule volume measurement is 25%. 3 It can be hypothesized that diameter measurements perform particularly poorly in case of nodules with a non-smooth margin, although these nodules have the highest probability of malignancy. 15, 16 The influence of nodule margin on the precision of mean manual diameter measurements has not been studied before, and only limited data are available for the comparison between interreader variation of manual diameter measurements and semi-automatic volume measurements. The purpose of this study was to evaluate the influence of nodule margin on inter-and intrareader variability in manual diameter measurements and semi-automatic volume measurements of intermediate-sized solid nodules detected in LDCT lung cancer screening.
MetHODS AnD MAteRiAlS
Population and nodule selection Data of the Dutch-Belgian Randomized Lung Cancer Screening Trial (NELSON), trial registration number: ISRCTN63545820, were used. The NELSON trial was approved by Ethics Committees of all participating centres, and authorized by the Dutch Healthcare Committee. All participants gave written informed consent. The design and conduct of the NELSON trial have been reported previously. 17, 18 We randomly selected 100 intermediate-sized (50-500 mm 3 ), non-calcified solid nodules found at baseline in lung cancer screening participants from the University Medical Center Groningen (Groningen, Netherlands) based on nodule-ID, pre-stratified by nodule margin category (smooth, lobulated, spiculated and irregular). The number of samples per margin category (25 nodules) was defined by the number of nodules in the smallest category, to create subgroups with equal sample size. We selected only intermediate-sized nodules, since these nodules have the highest uncertainty regarding nodule nature, and usually lead to an extra short-term follow-up LDCT. In these nodules, it is of great importance that measurements lead to accurate evaluation of growth. Only solid nodules were included since LungCARE software (Siemens, Forchheim, Germany) is unable to semi-automatically calculate the volume of subsolid nodules.
CT scanning protocol CT scanning was performed using 16-multidetector CT scanners (Sensation-16, Siemens Medical Solutions, Forchheim, Germany). All scans were realized in approximately 12 s in spiral mode with 16 × 0.75 mm collimation and 15-mm table feed per rotation (pitch, 1.5), in a cranial-caudal direction in low-dose setting, without intravenous contrast. Depending on body weight (<50, 50-80 and >80 kg), kVp settings were 80-90, 120 and 140 kVp, respectively. To achieve a CTDI-vol of 0.8, 1.6 and 3.2 mGy, respectively, the mAs settings were adjusted accordingly depending on the system used. To minimize breathing artefacts, scans were performed at inspiration with breath holding, after appropriate instruction of the participants. The images were reconstructed at a 1.0-mm slice thickness with a 0.7-mm increment. A medium-smooth B30f kernel was used for both detection and measurement of nodules.
Image reading and measurements
Semi-automated volume measurements were performed using Siemens workstations with the Syngo LungCARE software package (Version Somaris/5 VB10A-W). Two sets of volumetric measurements done by independent radiologists from the NELSON trial were used in this study. Furthermore, for the purpose of this particular substudy, two chest radiologists and one abdominal radiologist with 8 (MDD), 7 (GdJ) and 6 (MR) years of experience in reading thoracic chest CT independently performed two sets of manual diameter measurements with at least 3 days between the two measurements, according to the Lung-RADS criteria (mean of the longest diameter and the longest perpendicular diameter). Rounding of diameter measurements was performed after calculation of the mean diameter according to Lung-RADS, as suggested by Li et al 19 To perform the diameter measurements, images were uploaded to AquariusNET (Intuition Edition, v. 4.4.7, TeraRecon Inc, Foster City, CA) in random order, and images were read in lung window setting. The maximum axial diameter and maximum perpendicular diameter were measured using the caliper function. Mean diameter was defined as the mean of maximum axial diameter and maximum perpendicular diameter.
Nodule features
Nodules were defined as solid if their lung attenuation completely obscured the underlying structures. 14 Based on the threedimensional nodule segmentation derived from LungCARE, nodule margin was visually classified as smooth, lobulated, spiculated or irregular, by the two independent NELSON radiologists who originally performed the volume measurements. 18 In this classification, a smooth nodule had a smooth surface, a lobulated nodule had at least one abrupt bulging of the contour, a spiculated nodule had thicker strands extending from the nodule margin into the lung parenchyma without reaching the pleural surface, and an irregular nodule did not fit in one of the previous categories ( Figure 1 ). [19] [20] [21] 
Statistics
To comply with the Lung-RADS criteria, rounded values of the mean diameter were used for nodule classification. For Bland-Altman analyses, non-rounded values were used. The inter-and intrareader agreement of nodule size measurements was examined for nodule subgroups (smooth, lobulated, spiculated and irregular) using the Bland-Altman method. An adapted Bland-Altman method proposed by Jones et al 22 was used for the assessment of interreader agreement between three readers. 22 Results from the analyses were presented as mean of absolute difference for manual diameter measurements and mean of relative difference for semi-automated volume measurements, with 95% limits of agreement (LoA). Relative difference was calculated as (a − b)/m×100%, where a and b were measurements from two different readers and m was the mean of a and b. Diameter-based volume was calculated using mean axial diameter by assuming a spherical nodule shape, according to
with V = volume and D = mean axial diameter.
Friedman's test was used for comparisons between multiple readers. Wilcoxon signed-rank test was used for two-paired comparisons. Relative differences were compared against zero using the one-sample Wilcoxon signed-rank test.
The systematic error and 95%-LoA for volume and manual diameter measurement were compared with growth cut-offs: +25% for volume measurement based on the NELSON protocol and British Thoracic Society guidelines, and +1.5 mm for diameter measurements, based on Lung-RADS. 3, 4, 23 Agreement in nodule size classification based on Lung-RADS was analysed using Krippendorff 's α where α ≥ 0.8 was considered as good, 0.8 < α ≥ 0.67 as moderate and α < 0.67 as poor agreement. 24, 25 Parametric values were expressed as mean and 95% confidence interval (95% CI), non-parametric variables as median and interquartile range (IQR). A p-value < 0.05 was considered statistically significant. Statistical tests were performed using SPSS v. 22 (SPSS, IBM, New York, NY).
ReSultS
Median participant age was 59 years (IQR, 54-64), and participants' median smoking history was 39 pack-years (IQR, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] 
Systematic error
We found no significant systematic error for semi-automatic volume measurements in the nodule subgroups as displayed in Table 2 . For diameter measurements, both absolute and relative systematic error were statistically significant for at least one out of three reader comparisons for each nodule subgroup (Tables 2  and 3 ). A similar pattern as in the interreader analysis was found for intrareader comparison. However, for smooth nodules, we found no significant systematic error for the three readers (p = 0.056, p = 0.957 and p = 0.116) ( Tables 2 and 4 ).
Inter-and intrareader variability and influence on growth and size classification
For interreader variability of volume measurements, the overall 95%-LoA was ±23.7%, 5% below the 25%-growth cut-off ( Table 2) . For smooth and lobulated nodules, the 95%-LoA were ±21.4 and ±18.1% (14.4 and 27.6% below the growth cut-off), respectively. The 95%-LoA of spiculated (±28.2%) and irregular nodules (±27.0%) exceeded the growth cut-off slightly, by 12.8 and 8.0%, respectively.
For interreader variability of manual diameter measurements, the overall 95%-LoA was ±3.2 mm, exceeding the 1.5-mm growth cut-off by 113% (Table 2, Figure 2 ). The 95%-LoA exceeded the growth cut-off for all morphologies, the most for spiculated (±3.5 mm) and irregular nodules (±4.5 mm) for which the growth cut-off was exceeded by 133 and 200%, respectively. This resulted in an average of 10 (40%) growth misclassifications per pair of readers for spiculated nodules, and 9 (36%) growth misclassifications per pair for irregular nodules, based on diameter measurements. Also, intrareader variability of both spiculated nodules (±2.4 mm) and irregular nodules (±2.9 mm) exceeded the growth cut-off by 60 and 93%, respectively. For diameter-based volume, the 95%-LoA exceeded the 25% vol growth cut-off for both inter-and intrareader comparisons for all nodule margins. 
DiSCuSSiOn
For this study, 100 intermediate-sized solid lung nodules of the NELSON trial's baseline round were selected randomly and assessed independently by three radiologists. We found significant intra-and interreader variation for manual mean diameter measurements. In particular in non-smooth nodules, intra-and interreader variation was high, resulting in a moderate-to-poor interreader agreement in nodule categorization based on Lung-RADS. For semi-automatic volume measurements, interreader variability was affected by non-smooth nodule margins as well, although to a lesser extent than manual mean diameter measurements. For spiculated nodules, the 95%-LoA of semi-automatic volume measurements and manual diameter measurements exceeded the growth cut-off by 12 and 133%, respectively. Since nodule size and growth are the key discriminants to distinguish malignant from benign nodules in current guidelines, the measurement method with the smallest reader variability is preferable for nodule management in CT lung cancer screening.
Diameter measurements are commonly used in lung cancer screening studies and clinical practice.In the NLST, maximum axial diameter was used for size determination of detected lung nodules. 1 The Lung-RADS v. 1.0 (2014) and the updated guideline from the Fleischner society (2017) both recommend the use of mean diameter, since the average of long and short axis BJR Full paper: Influence of lung nodule margin on interreader variation more accurately reflects three-dimensional nodule volume than the use of maximum diameter alone. 4, 5 In our study, the range of interreader variation in mean diameter of smooth and lobulated nodules was ± 1.9 and ± 2.0 mm (Table 2) , exceeding the 1.5 mm growth cut-off as used in Lung-RADS by 27 and 33%, respectively. For spiculated and irregular nodules, the range of interreader variation was ±3.4 and ±4.5 mm, exceeding the 1.5 mm growth cut-off by 133 and 200%, respectively. Furthermore, according to the Lung-RADS classification, the mean diameter should be rounded to the nearest integer and, therefore, setting the growth cut-off at 1.5 mm seems unfit.
In clinical practice, when a lung nodule is detected, the CT will be compared with a previous CT. In case the nodule was present at a previous CT examination, often the mean diameters of the nodules at both scans are measured in one session to increase the confidence in growth assessment. Thereby, interreader variability is excluded, but intrareader variability becomes an important influencing factor. Although the intrareader variability of diameter measurements in our study was smaller than the interreader variability, the 95%-LoA on intrareader variability for spiculated and irregular nodules still exceeded the 1.5 mm growth cut-off based on Lung-RADS guidelines ( Table 3 ).
Since lung nodules at baseline are classified into different lung cancer risk categories based on size, consistent nodule size measurement between readers is important. In Lung-RADS, the diameter range of probably benign nodules is set to be ≥6 to <8 mm, which falls within the range of measurement variation found in our study for spiculated and lobulated nodules, for both inter-and intrareader assessment. As a result, suspicious nodules (≥8 mm) could be misclassified as probably benign (<6 mm) and vice versa. Using post hoc analysis, interreader agreement was further evaluated. Previous studies have shown that nodules with non-smooth margins have a higher probability of malignancy than nodules with smooth margins. 16, [26] [27] [28] [29] Consequently, for these non-smooth nodules, small measurement variation and thus high consensus in their classifications is of even greater importance than for smooth nodules. Therefore, the use of maximum and mean diameter for assessing the size of small pulmonary nodules should be discouraged in lung cancer screening.
Studies evaluating the use of mean diameter for the assessment of small pulmonary nodules are limited. A previous study by Revel et al 30 found a 95%-LoA of ±1.73 mm among three readers based on maximum diameter measurements, which once more is larger than the growth cut-off used in Lung-RADS. Unfortunately, in that study, influence of nodule margin was not analysed. In our study, the overall 95%-LoA among three readers was ±3.2 mm. The larger variability might be explained by oversampling of spiculated and irregular nodules in our study (50%), compared with prevalence of these nodules in the whole screening (9% of intermediate-sized nodules). 30 In a phantom study, Petrick et al 31 found that the relative standard deviation of maximum diameter measurements of spiculated and elliptical nodules (20.3 and 16.4%) was larger compared with spherical and lobulated nodules (5.7 and 5.3%), while for semi-automated volume measurement the spiculated and elliptical nodules (8.3 and 3.6%) had similar relative SD as spherical and lobulated nodules (7.5 and 9.7%). This supports our finding that diameter measurement is more sensitive to the asymmetrical shape of a nodule than semi-automated volume measurement.
This study had some limitations. We focused on intermediate-sized nodules (50-500 mm 3 ), since these nodules had highest uncertainty of nodule nature. As all nodules were classified indeterminate based on this volume, the interreader agreement for nodule size categorization could not be evaluated for the semi-automated volume measurements. Secondly, according to the Fleischner Society 2017 guidelines, mean diameter should be measured from the greatest dimension from transverse, coronal or sagittal reconstructed images. In our study, we used transverse reconstructed image for manual measurement. However, since the mean diameter measurement method stated in the Fleischner Society 2017 guidelines is still measured from a single reconstructed image, our results should be applicable to the new guidelines. Thirdly, in this study, volume measurements were performed with one specific software package. It should be kept in mind that volume measurements performed with any other software packages may be subject to different variations as we know from previous studies. Zhao et al 32 have found significant differences in measured volume between LungCARE and two other software packages. The consensus on volume doubling time categorization was only 44-47% when LungCARE was compared with two other software packages. Owing to these variations in nodule measurements, we would like to advise to perform subsequent nodule volume measurements on follow-up CT using the same software package. De Hoop et al 33 compared six software packages, including LungCARE. They showed that the 95%-LoA ranged from 16 to 22% for all software packages, similar to the 95%-LoA of 24% in the total of measured nodules reported in this study ( Table 2 ). The performance of the different software packages in measuring nodules with different margins has not been studied yet. Lastly, we studied a relatively small number of nodules per nodule margin category. This was owing to the fact that only a limited number of irregular nodules were detected at baseline, and the total sample size was defined by the subgroup with smallest number of nodules.
In conclusion, we demonstrated that nodule assessment based on manual diameter measurements is susceptible to nodule margin. Interreader variability increases especially for nodules with spiculated and irregular margins. This effect is much smaller for semi-automated volume measurements. The larger interreader variability for manual diameter measurement results in moderate to poor classification of nodules based on their size, while growth misclassification may occur up to one third of cases. Therefore, semi-automated volume measurements are preferred over manual diameter measurements for nodule size and growth determination in CT lung cancer screening. The funders had no role in study design, data collection and analysis, decision to publish or preparation of the manuscript.
